The flowfield characteristics in a rocket engine coolant channels are analyzed by use of a commercial CFD and multiphysics software developed by the CFD Research Corp. called CFD-ACE+. The channels are characterized by high Reynolds number flow, varying aspect ratio, varying curvature, asymmetric and symmetric heating. The supercritical hydrogen coolant introduces large property variations that have a strong influence on the developing flow and the resulting heat transfer. This paper only shows the effect of aspect ratio and curvature for constant properties.
I. Introduction
Because of high combustion temperatures and high heat transfer rates from the hot gases to the walls of the thrust chamber, cooling is a major design consideration in a rocket engine. There are many types of cooling. One of the most common and the one of particular interest in this paper is regenerative cooling. Regenerative cooling is normally used to protect the walls from the severe thermal environment that it sees during the combustion process. In most regeneratively cooled engines, the coolant passages are rectangular in shape. These tubes run the length on the combustor with the coolant entering the supersonic end, passing through the throat of the combustor, and exiting near the injector face. Liquid hydrogen is a typical coolant, and the pressures seen inside the thrust chamber are sufficient to ensure that the fluid remains supercritical throughout the combustion process.
Even though the designs of these cooling passages are critical for success, their heat transfer characteristics are not fully understood. The heat transfer characteristics of rectangular tubes differ in many ways to those of circular tubes. One clear difference is the way the fluid is heated. Heat transfer research often entails the use of an electrically heated circular tube, which is not representative of typical applications. Most regen tubes are heated from one side only. The combination of highly conductive materials and the milled rectangular passages that are used in design of the combustor body provides a fin effect between adjacent coolant passages which makes the rectangular cavities more effective. Also the curvature introduced by the shape of the combustor generates vortices inside the channels which enhance the heat transfer. Another factor is the strong compressibility of supercritical hydrogen. This strong compressibility will certainly have an effect on the flowfield. With all these different phenomena that occur inside the tube, the aspect ratio that is used in the combustor design represents a key factor that can be used to optimize the transfer of heat from the chamber walls to the coolant fluid.
To understand the heat transfer environment inside these rectangular tubes, the simple case of a straight rectangular tube is considered. Even in straight channels the flow field remains complex due to the fin effect, high Reynolds number, and the supercritical coolant. The supercritical conditions inside the coolant passages of rocket engines yield fluid properties that are strong functions of both pressure and temperature. The specific property variations that must be considered are specific heat, thermal conductivity, density and viscosity. The current study will only deal with constant properties. Variable property comparisons are left to future investigations.
Code Validation
In any numerical simulation, questions directed to the accuracy of the results always arise. Because of this, code validation is a must to give credibility to the results. Since we are dealing with a high Reynolds number flow, the turbulent yf value must be taken into account along with the grid mesh to insure that proper flow characteristics are being simulated. Also, since we are heating the tubes, validation of the temperature prediction must be made.
Although we are studying the heat transfer effects in rectangular passages with high aspect ratio, with and without curvature, we first need validate the code using a simple case that is well known. One case that is well documented is circular tubes with constant surface heat flux. Temperature and pressure drop predictions are very important for the design of regenerative cooling passages. Therefore, if the commercial software can predict the pressure drop, bulk outlet temperature and surface temperature with some accuracy, then the results obtained for rectangular passages can be accepted with some degree of comfort. Typical tube conditions for regenerative cooled engines were used. The tube diameter used is 2 mm with a tube length of 34.25 mm. The inlet fluid temperature is set to 40 K, with an inlet mass flow rate of 5.516E-06 kg/s. A constant surface heat flux 100,000 W/m' is applied to the wall. Thermal physical properties for supercritical hydrogen at 40 K, such that the Reynolds number is 10,000 is taken from Ref. 1. To calculate the outlet temperature, the following energy balance equation is employed along with the constant surface heat flux equation*.
Utilizing equations (1) and (2), the bulk outlet temperature equation is Now to find the surface temperature at the outlet, we need Newton's Law of cooling'
To find h, the turbulent Nusselt number correlation by Dittus-Boelter is employed '. For our numerical simulation, we used a K-E turbulence model, a turbulent Prandtl number of 0.9, and a fixed pressure outlet boundary condition. The IC-E turbulence model is a standard turbulence model. It is a high Reynolds number model that uses wall functions for cells that are adjacent to the wall. CFD Research Corp. recommends a turbulent y+ value between 30 and 150 for the first cell adjacent to the wall. The mesh used is shown if Figure 1 and Figure 2 . The grid that is shown in Figure 1 is a cross section of the pipe and shows grid stretching away from the wall. Figure 2 shows the grid for the length of the pipe and is stretched toward the inlet to aid in flow development. This mesh consists of 50,000 nodes. Also, we set the turbulent kinetic energy according to the turbulent intensity of 0.051 and a specific dissipation rate based on hydraulic diameter 0.002.
In Figure 3 , we can see the streamwise contours ofpressure, velocity and temperature. From Table 1 , we can see that the numerical model prediction is close to that of the analytical solution. The numerical model varies less than 6% for the bulk outlet temperature and the outlet surface temperature than that of the analytical solution. The pressure drop for the code is around 10.7% off from the analytical solution. Overall, these differences are small and we can feel confident about the numerical model. 
Results and Future Plans
Now that the code has been show to be capable of predicting turbulent channel flow, we can now proceed to looking at several different cross-sectional shapes and channel curvature. This parametric study of aspect ratio holds the cross sectional area fixed. Also, the length of the tube considered will remain fixed. Table 2 shows a list of different aspect ratios and curvatures and the current status of each trial.
Table 2: Trial status table
Since the overall progress is somewhat in the beginning stages, not much can be said about how aspect ratio effects heat transfer and pressure drop. Figure 4 and Figure 5 are some temperature plots near the exit from the straight and 90 degree bend channels with wall temperature of 600 K and 300K.
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N. Conclusion
It is well known that there exists a secondary flow in high aspect ratio tubes with curvature6. With this secondary flow, more heat can be transferred from the hot combustor wall to the coolant channel. From Figure 4 and Figure 5 you can start to see some of the effects of this secondary flow. We have cooler liquid reaching the hot combustor wall and adding more heat into the centerplane shown in Figure 5 . It is expected that as the aspect ratio increases, the more effective the cooling process will become.
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